Au 65 Cu 18 Si 17 bulk metallic glass (BMG) exhibits an extraordinary low glass transition temperature (<100°C) and a wide supercooled liquid region. In order to elucidate the structural features of the extraordinary low glass transition temperature and high glass forming ability of the Au 65 Cu 18 Si 17 BMG, high-energy X-ray diffraction (HEXRD) and Extended X-ray Absorption Fine Structure (EXAFS) measurements were carried out using synchrotron radiation. A sharp first peak and oscillation of the structure factor S(Q) up to the high wave number Q can be attributed to the dominant weighting factor of the AuAu correlation over others. A reverse Monte Carlo (RMC) simulation was applied simultaneously to the HEXRD and EXAFS data. The obtained RMC model shows a quite highly dense packed structure with large amount of icosahedral type clusters around Au atoms while small ones around Si atoms. The partial CuCu pair distribution function g Cu,Cu (r) shows a sharp peak at a short interatomic distance, i.e., 2.38 ¡. The CuCu pairs with short interatomic distances and the large thermal fluctuation around Cu atoms are considered to be one of the structural characteristics of the low glass transition temperature of the Au 65 Cu 18 Si 17 BMG.
Introduction
The phase diagram of AuSi binary alloy system exhibits a deep eutectic region with melting point of 636 K and the alloy system has no stable compounds. 1) Since the reasons for such an unusual deep eutectic point remain puzzling, it attracts much scientific attention. The eutectic Au 81 Si 19 alloy has been used for many technological applications, such as bonding in microelectromechanical system 2) and a catalyst for manufacturing a Si nanowire.
3) It is well known that the AuSi is the first alloy which can be formed a metallic glass by melt-quenching 4) and many investigations have been carried out on the structure, thermal and electronic properties. AuSi metallic glasses, however, are one of the most puzzling amorphous solid even now. Moreover, novel Au Si based bulk metallic glasses (BMGs) have been explored recently by W. Zhang; 5) Au 65 Cu 10.5 Si 17 Ag 7.5 BMG exhibits a very low glass transition temperature T g (³342 K) and a wide supercooled liquid region ¦T x (= T x ¹ T g = ³50 K), where T x is crystallization temperature. Such characteristic features of this BMG facilitate superplastic deformation at a relatively low temperature below 100°C. Therefore, the AuSi based BMGs can be applied to various industrial fields such as micro-or nano-machinery, nano-indention and bioengineering. Scientifically it is interesting to know the structural origin of the low T g and high glass forming ability (GFA) of these AuSi based BMG. Furthermore, these AuSi based BMGs offer good opportunity to measure physical properties of the supercooled liquid states of BMGs without suffering from crystallization and oxidation. In the previous work we reported the results of in situ X-ray Absorption Fine Structure (XAFS) measurements for the Au 65 Cu 10.5 Si 17 Ag 7.5 BMG at just above the T g together with those in the wide temperature region from 10 to 393 K.
6) The mean square relative displacements (MSRDs) around Au, Cu and Ag atoms are determined from the temperature dependences of the Extended X-ray Absorption Fine Structure (EXAFS) data. By combining the EXAFS data with the molecular dynamic simulation results we suggested that Cu-centered icosahedral clusters are likely formed, which contributes to the high GFA. The sharp increase in the MSRD around Cu atoms at the T g suggests the break of the CuCu pairs connecting with each Cu-centered icosahedron, which may trigger off the glass transition.
The Au 65 Cu 18 Si 17 BMG exhibits a low T g and a wide ¦T x like as the quaternary Au 65 Cu 10.5 Si 17 Ag 7.5 BMG. Therefore, in the present work we choose the ternary Au 65 Cu 18 Si 17 alloy to elucidate the structural origin of the extraordinary low T g and high GFA of the AuSi based BMGs. For the sake of it we measured high-energy X-ray diffraction (HEXRD) and XAFS of the Au L III -and Cu K-edges for the Au 65 Cu 18 Si 17 BMG using synchrotron radiation. Reverse Monte Carlo (RMC) simulation is applied simultaneously to the HEXRD and EXAFS data, which can deduce 3 dimensional (3D) atomic arrangement. The results of the 3D atomic arrangement were analyzed with the help of the Voronoi polyhedral analysis.
Experimental Procedures and Results

Sample preparation
Ribbon samples of the Au 65 Cu 18 Si 17 BMG were prepared by a melt-quenching technique using a single wheel apparatus. Thickness and width of the ribbon samples are 1015 µm and 2 mm, respectively.
Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurement for the Au 65 Cu 18 Si 17 melt-quenched ribbon was done at a heating rate of 40 K/min and the result is shown in Fig. 1 
Þ value are estimated as 0.53 and 0.39, respectively indicating a quite high GFA.
High-energy X-ray diffraction
The HEXRD experiments were carried out using a twoaxis diffractometer dedicated for disordered materials 7) at the beam line BL04B2 of SPring-8, Japan. The incident X-ray energy was chosen as 113.6 keV (0.10965 ¡) and the scattered X-rays were collected using an intrinsic germanium detector. The total structure factor S(Q) was extracted after the standard corrections and normalization. The pair distribution function g(r) was obtained from a Fourier transform of the S(Q). Figures 2(a) and 2(b) show the results of the S(Q) and g(r) for the Au 65 Cu 18 Si 17 BMG. The characteristic features of the S(Q) curve are those; (1) a sharp first peak and a negligible shoulder in the second peak which is often observed in metal-metalloid amorphous alloys, and (2) a long oscillation up to the high Q region. Such characteristic features of the S(Q) can be attributed to the large weighting factor of the AuAu correlation. Total structure factor S(Q) is expressed as the weighted sum of partial structure factors S i,j (Q);
where w i;j is a weighting factor and expressed as
where c i is the fraction of the atom i, f i (Q) the atomic scattering factor for X-ray, and the angular bracket represents average over all kinds of atoms. The values of the weighting factors for the Au 65 Cu 18 Si 17 alloy are listed in Table 1 , where f i (Q) in eq. (2) is approximated as f i (0). From Table 1 it is obvious that the w Au,Au is dominant over other weighting factors because of the large atomic number and higher concentration of Au. The contributions of the three partial structure factors of S Cu,Cu (Q), S Cu,Si (Q) and S Si,Si (Q) to the total S(Q) are negligibly small (<1%). The sharp first peak and the long oscillation up to the high Q region indicate that the nearest neighbor AuAu correlation is dominant over other correlations and it determines the shape of the total S(Q).
XAFS
The Au L III -and Cu K-edge XAFS measurements for the Au 65 Cu 18 Si 17 BMG were carried out by a transmission method at the BL01B1 beamline of SPring-8. The energy of incident photons was monochromatized by a double crystal monochromator using a Si(111) plane. The contribution of higher harmonics were ejected by the rhodium coated double mirrors. 
Reverse Monte Carlo Simulation
The reverse Monte Carlo (RMC) simulation is widely applied to disordered materials in order to produce threedimensional (3D) structural arrangements by fitting to experimental X-ray and/or neutron scattering data.
9) The advantage of the RMC method is that it requires no hypothetical structure models but only the density and chemical composition are necessary. Application of the RMC method to EXAFS data has been firstly reported by Gurman and McGreevy. 10) In the present work the RMC method was applied simultaneously to the HEXRD and EXAFS (Au L III -and Cu K-edges) data for the Au 65 Cu 18 Si 17 BMG. The RMC simulation was carried out using the RMC++ code.
11) The simulation started from a computergenerated random atomic configuration consisting of 5000 atoms (3250 Au, 900 Cu and 850 Si) positioned inside a cubic box with a side length of 43.56 ¡ corresponding to the atomic number density of the Au 65 Cu 18 Si 17 BMG. An atomic configuration is generated by random atomic move. The atomic configuration was refined by reducing the fitting residual » 2 defined as
where, i is the data set, · i tolerance factors, F S i ðQ k Þ and F E i ðQ k Þ simulated and experimental data, respectively. Constrains in the simulation, i.e., minimum interatomic distances r min and tolerance factors · i are listed in Tables 2  and 3 , respectively together with the results of » 2 -values. The results of the RMC fitting for the S(Q) and EXAFS functions »(k) are shown in Fig. 2 
Discussion
It seems worth to describe the structural features of the liquid and a deep eutectic Au 81 Si 19 metallic glass before discussing the structure of the Au 85 Cu 18 Si 17 BMG. The previous HEXRD and neutron scattering results show that the liquid Au 81 Si 19 alloy has dense packing structure with more than ten nearest neighbors.
1215) Electron diffraction studies showed that the binary Au-rich Au 1¹x Si x metallic glasses have close-packed structure with similar to the liquid eutectic alloy, and Si in metallic glass is mostly substitutional. 16) Theoretical calculations based on the first principle, however, indicate strong hybridization between Au 5d and Si 3p states. 17) It is also suggested that there is a clustering of Au around Si atoms for Au-rich system such that the Si atoms are uniformly distributed.
Characteristic features of the pair distribution functions obtained by the present RMC simulation for the Au 65 Cu 18 Si 17 BMG shown in Fig. 5 are that: two splitting peaks for the AuCu and AuSi pairs, while single major peak for the Au Au and CuCu pairs. The first peak of the AuAu pair is at 2.85 ¡, which is same as the value obtained by X-ray diffraction for the eutectic liquid. 12) 18) It is known that fcc Au easily precipitates at the sample surface of the AuSi eutectic glass at ambient temperature. 19) The addition of Cu to the eutectic AuSi alloy hinders diffusion of Au and consequently increases the GFA.
The results of the RMC simulation were analyzed by the Voronoi tessellation method, 20, 21) in which Voronoi polyhedron is assigned by Vorono index hn 3 ; n 4 ; n 5 ; n 6 ; ; i, where n i denotes the number of i-edged faces and P i n i is the total coordination number. Figure 6 shows the occurrences of different polyhedra around Au, Cu and Si atoms; those of the upper ten fractions are listed. In this figure hatched bars indicate icosahedral type polyhedra. Such icosahedral type polyhedra account for 22.6, 14.9 and 4.59% for the Au-, Cuand Si-centered polyhedra, respectively, suggesting relatively large number of icosahedral type clusters are formed around Au atoms, while small number of such type of clusters around Si atoms.
The most interesting result of the g i, j (r) as shown in Fig. 5 is a sharp peak of the CuCu pair at 2.38 ¡, which is a quite shorter interatomic distance than that of the close contact of CuCu atoms (2.54 ¡). Au . This result suggests that Cu atoms can play a key role in the transition from glass to supercooled liquid state. Characteristic feature of the local structure around Cu atoms obtained by the RMC simulation is the existence of many CuCu pairs with a short interatomic distance. One possible idea on the structural origin of the low T g of the Au 65 Cu 18 Si 17 BMG is that the bonding between Cu Cu with a short distance is broken at the T g due to the high thermal fluctuation, which can trigger off the transition from amorphous to supercooled liquid state, i.e., glass transition. Observations of the structural changes from supercooled liquid to glass transition are necessary in order to understand the precise structural origin of the low T g of this Au-based alloy. Theoretical calculations based on the first principle and experimental works to determine the local structure around Si are also necessary to understand more precise structure of this metallic glass.
Conclusion
The HEXRD and XAFS measurements were carried out in order to elucidate the structural features of the extraordinary low glass transition temperature and the high GFA of the (a) (b) Au 65 Cu 18 Si 17 BMG. The results were analyzed by the RMC simulation and Voronoi tessellation method. Analyzed results show that this metallic glass has quite high packing density and has many icosahedral clusters especially around Au, while less around Si. The partial pair distribution of g Cu,Cu (r) shows a sharp peak at a very short interatomic distance. This result together with the temperature dependence of the interatomic distance around Cu indicate that the CuCu pairs with short interatomic distances may play a crucial role of the low glass transition temperature of this BMG. 
